The growth mechanism of silicon nanocrystals (Si NCs) synthesized at a high rate by means of expanding thermal plasma chemical vapor deposition technique are studied in this letter. A bimodal Gaussian size distribution is revealed from the high-resolution transmission electron microscopy images, and routes to reduce the unwanted large Si NCs are discussed. Photoluminescence and Raman spectroscopies are employed to study the size-dependent quantum confinement effect, from which the average diameters of the small Si NCs are determined. The surface oxidation kinetics of Si NCs are studied using Fourier transform infrared spectroscopy and the importance of postdeposition passivation treatments of hydrogenated crystalline silicon surfaces are demonstrated. Ensembles of nanocrystals (NCs) have attracted intensive attention in research due to their various special properties. NCs can be considered as zero-dimensional nano-structures whose excitons are confined in all three spatial dimensions. They have the ability to tune the band gap by varying their sizes and have unique interactions with photons like the multiple exciton generation (MEG) 1 or up-/down-spectral conversion by space separated quantum cutting (SSQC).
The growth mechanism of silicon nanocrystals (Si NCs) synthesized at a high rate by means of expanding thermal plasma chemical vapor deposition technique are studied in this letter. A bimodal Gaussian size distribution is revealed from the high-resolution transmission electron microscopy images, and routes to reduce the unwanted large Si NCs are discussed. Photoluminescence and Raman spectroscopies are employed to study the size-dependent quantum confinement effect, from which the average diameters of the small Si NCs are determined. The surface oxidation kinetics of Si NCs are studied using Fourier transform infrared spectroscopy and the importance of postdeposition passivation treatments of hydrogenated crystalline silicon surfaces are demonstrated. Ensembles of nanocrystals (NCs) have attracted intensive attention in research due to their various special properties. NCs can be considered as zero-dimensional nano-structures whose excitons are confined in all three spatial dimensions. They have the ability to tune the band gap by varying their sizes and have unique interactions with photons like the multiple exciton generation (MEG) 1 or up-/down-spectral conversion by space separated quantum cutting (SSQC). 2 These unique mechanisms make NCs promising novel applications in thin-film transistors (TFTs), 3 water-splitting devices, 4 batteries, 5 and solar cells. 6, 7 For instance, the utilization of MEG or SSQC properties of NCs might open new routes to conquer the Shockley-Queisser limit of single-junction solar cells, 8 if the Shockley-Read-Hall charge carrier recombination at the surfaces can be tackled. In 2011, above 100% external quantum-efficiency (EQE) value in the blue spectral range has been achieved in a cell using PbSe NCs. 9 Herein we focus on NCs made of silicon (Si), which is non-toxic, earth abundant, resistance against water, and consequently known as the most dominant material in semiconductor and photovoltaic (PV) industry. 6, [10] [11] [12] [13] [14] Si NCs are generally fabricated by sputtering, 15 pulsed laser deposition, 6 or non-thermal plasma. 16, 17 Each process has its specific disadvantages, such as, limited production rate, complex and time-costly processes, post-annealing treatment, poor control over the size distribution, and low degree of surface passivation. The slow deposition rate, low throughput, and complex synthesis procedures limit the large-scale application of Si NCs. In this work, expanding thermal plasma chemical vapor deposition (ETP-CVD) technique is employed to synthesis Si NCs in a super-efficient rate. ETP-CVD technique was initially developed at the TU/Eindhoven for the high-rate deposition of thin-film materials. [18] [19] [20] Pioneering work was done for the deposition of Si NCs as well. 21, 22 However, some key fundamental growth mechanisms and properties of Si NCs processed by ETP-CVD have not been explored yet, such as the oxidation kinetics and the size-dependent photoluminescence (PL) mechanism of the Si NCs. In this letter, we further explore the growth mechanisms of ETP-CVD to synthesize Si NCs under various deposition conditions, deposit free-standing Si NCs with a well-controlled size distribution for any specific application, and investigate the quantum confinement effects dependent on the size of Si NCs 23, 24 and the oxidation kinetics at the surfaces of Si NCs. The photo of the ETP-CVD setup and typical deposition parameters for the synthesis of Si NCs are shown elsewhere. 21, 22, 25 The morphology of Si NCs is characterized by scanning electron microscopy (SEM) and high resolution transmission electron microscopy (HR-TEM), and the images with different magnifications were shown in Figs. 1(a)-1(c) . The Si nano-power was deposited in the form of a porous film as observed in the top-view SEM image ( Fig. 1(a) ). HR-TEM was operated at a voltage of 200 kV to analyze the sizes of NCs at larger magnifications, and clear lattice fringes can be observed if Fig. 1(b) is zoomed in. Two typical sizes of Si NCs are discovered: NCs with diameters in the range of 2-8 nm (4 nm in average, $1600 Si atoms, defined as "small" in this letter, Fig. 1(b) ) and NCs with diameters of 20-38 nm (28 nm in average, defined as "large" in this letter, Fig. 1(c) ). The size of deposited NCs is mainly determined by the residence time and subsequently the trajectory of Si species in the plasma beam from the injection ring down to the substrate. The small NCs were collected on the substrate spots which were exactly below the holes on the SiH 4 injection ring. Therefore, we believe that these small NCs were formed in the plasma beam and directly deposited on the substrate. Its trajectory through the plasma is a straight vertical line from the injection ring down to the substrate, resulting in a short residence time in the plasma. In contrast, the large NCs correspond to particles that have travelled through the background of the chamber before they were deposited on the other areas on the substrate. They have a larger average diameter as a result of longer residence time and trajectory in the plasma chamber due to the recycling from the background volume into the plasma beam. 21 Therefore, the size of NCs is a)
Authors to whom correspondence should be addressed. mainly determined by the residence time of Si species in the plasma beam from the injection ring down to the substrate, and subsequently depends on parameters such as pressure, gas flow, and plasma power. The statistics of bimodal size distribution based on HR-TEM images is analyzed in Fig. 1(d) , and it is a result of NCs deposited directly from the plasma beam and recycling of NCs from the background volume into the plasma beam. The small NCs exhibit quantum confinement effects, while the large ones do not. Therefore, various solutions have been proposed to minimize the travelling time of the silyl radicals in the plasma beam from the injection holes to the substrate, such as by rising the substrate stage or descending the injection ring for a shorter traveling distance of the silyl radicals, injecting the SiH 4 precursor in a pulsed mode, 21 or reducing the diameter of the reaction chamber. Fig. 1(e) shows an example of reducing the reaction chamber by installing a tube around the ring. The tube significantly reduces the amount of Si NCs that follows the path of the recycling trajectory. Consequently, the contribution of large NCs in the films can be greatly reduced or the formation of large NCs can even fully quenched.
To further study the growth mechanism of Si NCs, we varied the SiH 4 gas flow rate for three samples of the Si NCs to 230, 420, and 600 sccm, respectively, while keeping all the other deposition parameters the same. Figs. 2(a)-2(c) show the size distribution analysis of these three ensembles of Si NCs collected on other spots (not below the holes of the SiH 4 injection rings) on the substrates. The average sizes are 27 6 6, 35 6 16, and 41 6 19 nm, respectively, for the large Si NCs of these three samples. It is interesting to see that the average diameter of these large free-standing NCs increase with the SiH 4 gas flow, as shown in Fig. 2(d) (black left-axis) . This can be understood in a simple model in which the increase of the volume V of the particles in time is linear with the surface area (A ¼ pd 2 ) and growth flux /: dV $ pd 2 / dt. As a result, the diameter of the particle is linear with the flux and residence time s res : d $ /s res . The result in Fig. 2(d) shows that the average diameter of the Si NCs d is roughly linear with the silane flux /, which is a reasonable assumption.
The blue symbols in Fig. 2(d) (right-axis) show the deposition rate of Si NCs, which were collected from a piece of CORNING glass substrate with an area of 10 cm Â 10 cm. The SiH 4 gas flow was varied step by step, while the other deposition parameters were kept the same. This rate was determined by the weight gain of the substrate before and after deposition. It can be seen that the deposition rate increases with the SiH 4 gas flow and the highest rate of 1.9 mg cm À2 min À1 was achieved when the SiH 4 gas flow was kept at 600 sccm. This rate is several orders higher than those deposited by other techniques such as sputtering, 15, 26 pulsed laser deposition, 6 or non-thermal plasma. 16, 17 The ETP-CVD is so efficient that several micrometers of the Si NCs porous layer can be deposited on the substrate in 1 s. The silane utilization efficiency is high as estimated from the slope of the blue line in Fig. 2(d) . We find that $40% of Si atoms in the injected silane were collected on the 10 cm Â 10 cm substrate in the form of Si nano-powder. Besides the high deposition rates, ETP-CVD synthesis has the advantages of deposition at room temperature, low cost, high purity, and integration of post-deposition surface passivation treatments using state-ofthe-art vacuum processing technologies.
The size-dependent quantum confinement of the small Si NCs was studied by PL and Raman spectroscopy. Therefore, the Si NCs were deposited on glass substrate using the tube- configuration. Three samples of the ensembles of small Si NCs were collected in the spots on the substrates below the holes of the SiH 4 injection rings, and they were deposited by varying the SiH 4 gas flow rate (230, 420, and 600 sccm, respectively). The samples were immediately placed into the PL setup after the deposition to prevent any effects of post-deposition oxidation of the surfaces of the Si NCs. In the PL setup, the NCs were illuminated by a laser source with the excitation wavelength of 420 nm. The emission PL signals were detected at the peak positions of 810, 830, and 880 nm for these three samples, respectively, as shown by the normalized spectra in Fig. 3(a) . According to literature, [27] [28] [29] the average diameters of the small Si NCs can be estimated as 3.5, 4.0, and 4.5 nm for the three samples (corresponds to SiH 4 gas flow rate 230, 420, and 600 sccm). It is estimated from the PL emission peak positions that the optical bandgaps of the small Si NCs in these three samples are 1.40, 1.49, and 1.53 eV, respectively, which are in between those of crystalline Si (c-Si, 1.1 eV) and hydrogenated amorphous Si (a-Si:H, 1.8 eV).
The quantum confinement effects of the as-deposited small NCs were further characterized using Raman spectroscopy under Argon laser illumination (514 nm) at a low intensity (3.3 lW). It should be pointed out that the laser intensity should be as mild as possible in order to prevent the heating effect of the free-standing NCs that naturally have a poor thermal conductivity. 30 The spectra of three as-deposited samples are shown in Fig. 3(b) . The first-order Si-Si mode Stokes peak shift of Si NCs in the Raman spectrum is lower by a few wavenumbers in reference to the number observed for bulk c-Si x 0 ¼ 520.5 cm
À1
, as observed by many others. 6, [31] [32] [33] [34] In general, this observation is attributed to phonon confinement, due to the presence of small NCs embedded in the a-Si:H environment. Assuming that this shift can be fully attributed to quantum confinement effect, the average small NCs size can be estimated from the anharmonic Raman softening according to this formula
Here, d (nm) stands for the diameter of the average NCs size, and C ¼ 2.24 nm 2 cm À1 , which is a constant for Si material. Dx is the absolute wavenumber (cm À1 ) difference between x 0 and the measured x for Si NCs, i.e., ) . Assuming that quantum confinement effect is indeed responsible for this red-shift, we find an average size for the small NCs of 4.0, 5.0, and 5.9 nm, respectively, for the three samples processed with increasing SiH 4 gas flow (230, 420, and 600 sccm). These results are quite close to the sizes determined by PL emission peak positions, in spite of a small overestimation due to the fact that the Raman technique is more sensitive to the larger NCs in reference to PL. The relevance of the Dx and PL peak position is presented in Fig. 3(c) .
The Shockley-Read-Hall recombination at defect-rich surfaces or interfaces is one of the key issues that limits the application of Si NCs in highly efficient solar cells or other electronic devices. The passivation of the surface of Si NCs is therefore crucial. Under ambient atmospheric conditions, a native oxide layer is formed on the surfaces of the Si NC, which acts as a poor passivation layer. In order to better understand the post-deposition oxidation, we employ Fourier transform infrared (FTIR) transmission spectroscopy and monitor the sample of Si NCs for one-week exposure in the air. The surface oxidation kinetics of Si NCs without any post-deposition surface-passivation treatment is studied and presented in Fig. 4(a) . Besides the typical stretching modes for hydrogenated Si surfaces (Si 4Ày -Si-H y @$ 2106 cm ). [36] [37] [38] This is also shown in the Si-H stretching modes with at least one oxygen atom back-bonded to the Si atom (OSi 2 -Si-H @ 2140 cm ). This demonstrates that most of the oxygen is incorporated in the back bonds of the Si atoms at the surface of Si NCs. In addition, the bending mode of the O 3 -Si-H configuration has been observed at 881 cm À1 as well. The measurement discloses that the pure Si hydrides (Si 4-y -Si-H y ) bonds at surfaces almost disappeared after one day as a result of the exposure to air as shown in Fig. 4(b) and the black curve in Fig. 4(c) ). On the other hand, the configurations that have an oxygen incorporated in the Si back bond increase on the same time scale. This shows that the hydrogenated Si surfaces oxidized rapidly. After a fast oxidation within the first day of air exposure, the oxidation continued, but at a lower rate. The oxidization was not saturated yet after 7 days in air. The increase of the Si-O-Si stretching modes, the O x -Si-H stretching modes, and bending modes has a similar trend, which means that the Si-O-Si stretching modes correspond to Si-O-Si bonds close to the surface of Si NCs. The observed oxidation significantly affects the chemical properties of the surface of Si NCs. This demonstrates the importance of post-deposition passivation treatment of hydrogenated crystalline Si surfaces when the Si NCs are applied in devices.
In summary, the deposition mechanism of Si NCs by means of ETP-CVD technique has been demonstrated in this letter. ETP-CVD was verified as an efficient process for the fabrication of Si NCs on an industrial scale. A bimodal Gaussian size distribution was revealed by analyzing the HR-TEM images, and routes to reduce the amount of the unwanted large Si NCs were discussed. PL and Raman spectroscopies were employed to study the size-dependent quantum confinement effect, and the average diameters of the small Si NCs determined by these two methods were similar. The FTIR results showed the surface oxidation kinetics at the surfaces of Si NCs and demonstrated the importance of post-deposition passivation treatments of hydrogenated crystalline silicon surfaces.
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